The CDKN2A locus encodes for tumor suppressor genes p16 INK4a and p14 Arf which are frequently inactivated in human skin tumors. The purpose of this study was to determine the relationship between loss of INK4a/Arf activity and inflammation in the development of ultraviolet (UV) radiation-induced skin tumors. Panels of INK4a/
| INTRODUCTION
Ultraviolet (UV) B radiation is a common mutagen and carcinogen which is responsible for the large majority of skin cancers. It is estimated to cause over one million new squamous cell carcinomas (SCCs) of the skin each year. [1] Although mortality from these tumors is low, they can cause considerable morbidity and are a major economic burden to the healthcare systems of many countries throughout the world.
The mechanisms by which UVB radiation cause skin cancers have been studied extensively. It is now apparent that reactive oxygen species (ROS) and a robust inflammatory response facilitate the evolution of UV-induced mutant keratinocytes into invasive carcinomas. The genetic factors that influence the generation of ROS and the inflammatory response are not completely understood, but are an area of considerable interest because methods that target them could serve as a way to prevent this common malignancy.
The CDKN2A (INK4a/Arf) locus at human chromosome 9p21 encodes two spliced proteins, p16 INK4a and p14 Arf . These two proteins When subjected to chronic UVB, we found that 100% of INK4a/Arf −/-mice had tumors, whereas there were no tumors in WT controls after 24 weeks of UVB exposure.
The increase in tumor development correlated with a significant increase in nuclear factor (NF)-κB, cyclooxygenase-2 (COX-2), prostaglandin E 2 (PGE 2 ) and its receptors both in UVB-exposed skin and in the tumors. A significant increase was seen in inflammatory cytokines in skin samples of INK4a/Arf -/-mice following treatment with chronic UVB radiation. Furthermore, significantly more CD11b + Gr1 + myeloid cells were present in UVB-exposed INK4a/Arf -/-mice compared to WT mice. Our data indicate that by targeting UVB-induced inflammation, it may be possible to prevent UVB-induced skin tumors in individuals that carry CDKN2A mutation.
K E Y W O R D S
inflammation, INK4a/Arf, skin cancer, ultraviolet radiation share the same exon 2, but vary in exon 1, exon 1α and exon 1β, respectively. The p14 Arf protein is very different from p16INK4a protein. [2] [3] [4] The p14 Arf protein links the p16 INK4a /retinoblastoma (Rb) pathway and the p53 pathway. [5] CDKN2A can be inactivated by genetic deletion, mutation or promoter hypermethylation in many cancers. [2, 6] Germline mutations in CDKN2A have been associated with familial cutaneous melanomas [7] and may be a risk factor for melanoma susceptibility on patients with multiple primary melanomas. [8] CDKN2A inactivation has also been reported in squamous cell carcinomas (SCCs) that arise in patients with xeroderma pigmentosum (XP). [9] CDKN2A was found to be inactivated in 24% [10] and 47% [11] of SCCs. Deletions in CDKN2A are commonly seen in SCC lines and SCCs. [12] INK4a/Arf inactivation may be rather common (25%-50%) but is caused mainly by methylation, and not by UV-induced mutations as in p53. [12] Approximately 9% of experimentally induced SCCs bear INK4a/Arf mutations. [13] Evidence for loss of p16Ink4a due to hypermethylation has also been reported in recessive dystrophic epidermolysis bullosa-associated SCC. [14] CDKN2A has been shown to regulate oxidative stress. [15, 16] Recent studies have shown that genes involved in regulating cellular oxidative stress and DNA damage were upregulated in CDKN2A mutated cells. [16] [17] [18] [19] Production of intracellular ROS can stimulate inflammatory signalling pathways. [20, 21] Cyclooxygenase-2 (COX-2), a prominent enzyme present at sites of inflammation, is often overexpressed in many human cancers. [22] [23] [24] [25] COX-2 has been found to be upregulated in p16 INK4a hypermethylated mammary epithelia in vitro, and in normal mammary epithelia with silenced p16 INK4a . [26] This upregulation of COX-2 increases prostaglandin (PG) synthesis, augments endothelial cell invasion, inhibits apoptosis and diminishes immune surveillance. [26] COX enzymes catalyse the initial, and rate-limiting, step of the metabolism of arachidonic acid to bioactive PGs. Prostaglandins are abundant at the sites of inflammation [27] [28] [29] [30] In mouse skin, COX-2 is constitutively overexpressed in papillomas and carcinomas, and this is accompanied with high levels of prostaglandin E2 (PGE 2 ). [30, 31] There are reports that INK4a/Arf is mutated in UVB-induced cutaneous squamous cell carcinomas (SCCs). [10] [11] [12] [13] However, the role of INK4a/Arf in UVB-induced tumor development and potential mechanisms by which it influences the process have not been examined.
In this study, we sought to determine whether there was a cause and effect relationship between loss of INK4a/Arf activity and the development of UV-induced tumors, and to determine whether loss of INK4a/ Arf results in enhanced production of reactive oxygen intermediates, and reactive oxygen intermediates in mice exposed to UVB radiation. [33] The UVB-irradiated backs of the mice were examined weekly for papillomas and tumor development. Growths >1 mm in diameter, that persisted for at least 2 weeks, were defined as tumors and recorded. Mice that were not exposed to UVB radiation were used as controls in all experiments.
| MATERIALS AND METHODS

| Animals and reagents
| ROS measurement in peripheral blood mononuclear cells (PBMCs)
Venous blood (0.5-1.0 mL) from WT and INK4a/Arf -/-mice was collected in heparinized tubes. The blood was layered on the top of Ficoll-Paque gradient and centrifuged at 400× g, for 30 minutes at room temperature. PBMCs were then collected from the top FicollPaque layer and washed twice using phosphate-buffered saline (PBS, pH 7.4). Cells were tested for viability (>95%) using the trypan blue dye exclusion test. ROS was measured using the protocol described previously. [34] Briefly, 2′, 7′-dichlorofluorescein diacetate (DCFDA) (Sigma, St Louis, MO, USA), dissolved in methanol, was added at 10 μM (final concentration) in PBMCs of each group. After incubation at 37°C for 15 minutes in a humidified atmosphere of 5% CO 2 in air, PBMCs were washed with PBS and resuspended in PBS at the original cell concentration. The PBMCs were then subjected to flow cytometric analysis using BD Accuri Flow cytometer, and the data were analysed using FlowJo software.
| Detection of 8-oxo-dG + cells in skin sections
UV-induced DNA damage in the form of 8-oxo-dG + cells was detected using a protocol described previously with some modifications. [34, 35] Briefly, frozen skin sections (5 μm thick) were thawed and kept in 70 mM NaOH in 70% ethanol for 2 minutes to denature nuclear DNA, followed by neutralization for 1 minute in 100 mM Tris-HCl (pH 7.5) in 70% ethanol. The sections were washed with PBS buffer and incubated with 10% goat serum in PBS to prevent non-specific binding prior to incubation with a monoclonal antibody specific for 8-oxo-dG (Millipore, Billerica MA) or its isotype control (IgG1). Bound anti-8-oxo-dG antibody was detected by incubation with Alexa Fluor A594-labelled secondary antibody and counterstained by DAPI. 8-oxo-dG + cells were counted with an Olympus BX41 microscope in five to six different fields.
| Quantitation of prostaglandin E 2 and cytokines
The levels of PGE 2 in tumor and skin homogenate were measured using the PGE 2 Enzyme Immunoassay Kit (Caymen Chemicals, Ann Arbor, MI) following the manufacturer's protocol. Briefly, small pieces of tumor or skin were homogenized in 100 mM phosphate buffer, pH 7.4 containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM indomethacin using a homogenizer. Homogenates were centrifuged, and the supernatants were collected for the analysis of PGE 2 concentrations following the manufacturer's protocol. The levels of the inflammatory cytokines IL-1β, IL-6 and TNF-α were assayed in triplicate by using standard protocols of enzyme-linked immunosorbent assay (ELISA) (Life Technologies, Carlsbad, CA).
| Preparation of tissues for Western blotting and real-time PCR
Lysates were prepared from skin and tumor samples of mice chronically exposed to UVB radiation as described earlier. [35] For Western blot analysis, 50 μg protein was loaded in each well and was resolved on 10%-12% SDS-polyacrylamide gel. The proteins were subsequently transferred to polyvinylidine fluoride (PVDF) membrane, which was then incubated in blocking buffer for 2 hours followed by incubation with primary antibodies in blocking buffer for 2 hours at room temperature or overnight at 4°C. The membrane was then washed with TBS-T and incubated with secondary antibody conjugated with horseradish peroxidase. Protein bands were visualized using an enhanced chemiluminescence detection system (Amersham Life Science, Inc., Piscataway, NJ). To verify equal protein loading and transfer of proteins from gel to membrane, the blots were stripped and reprobed for the loading control, β-actin.
Total RNA from skin and tumor samples was extracted using Trizol 
| NF-κB/p65 activity assay
Quantitative analysis of NF-κB/p65 activity was performed using the NF-κB Trans AM Activity Assay Kit (Active Motif, Carlsbad, CA) as described previously. [37] Nuclear extracts from cells were prepared using , and the data were analysed using FlowJo software as described. [35] Rat IgG2b-FITC and rat IgG2a-PE antibodies were used as the isotype control.
| Statistical analysis
The differences between experimental groups were analysed using the Student's t test. A simple one-way ANOVA test was employed for analysis of biomarkers between the groups. In all cases, a P<.05 was considered significant. Figure 1D ). These results indicate that
| RESULTS
| UVB radiation induces tumor formation in
INK4a/Arf has a protective effect on tumor incidence and multiplicity. were obtained from the UV-irradiated mice and were examined for ROS by flow cytometry. Exposure to UVB caused significantly greater ROS production in PBMCs of UVB-exposed INK4a/Arf -/-mice compared to wild-type mice (Figure 2A ). ROS are highly reactive chemical intermediates that produce oxidative DNA damage in the form of 8-oxo-dG. [38] We found a significantly more 8-oxo-dG + cells in the skin of UVBexposed INK4a/Arf -/-mice as compared to wild-type mice ( Figure 2B ,C). Figure 3A ,B). As shown in Figure 3C , the level of PGE 2 was significantly enhanced following UVB exposure in the skin of 
| UVB radiation increases the production of ROS and 8-oxo-dG+ cells in
| UVB radiation causes an increase in the expression of inflammatory biomarkers in
| UVB radiation increases the production of pro-inflammatory cytokines in INK4a/Arf -/-mice
We measured the levels of proinflammatory cytokines-IL-1β, IL-6
and TNF-α-in the skin of wild-type mice and in the skin and tumor [39] These cells suppress antitumor responses and promote tumor progression. [40] There was a significant increase in splenic CD11b immune response through production of arginase-1. [35, 39] The expression level of arginase-1 was assessed in skin, and a significant increase was observed in UVB-exposed INK4a/Arf -/-mice in comparison with UVB-exposed wild-type mice ( Figure 5C ).
| UVB radiation increases
| UVB radiation causes an increase in activation of NF-κB in INK4a/Arf -/-mice
NF-κB is a ubiquitous transcription factor that can be activated by stimuli that generate ROS. [41] The NF-κB signalling pathway plays an essential role in various physiological processes and human pathologies. [42, 43] Its nuclear localization signal is rendered inactive in nonstimulated cells through binding of specific NF-κB inhibitors known as inhibitor of κB (IκB) proteins. When the activities of IκB are diminished, activated NF-κB translocates to the nucleus. In this experiment, mice were exposed to UVB for 30 weeks and levels of IκB and the nuclear and cytoplasmic p65 component of NF-κB were examined. We found that the levels of cytoplasmic IκBα, which inhibits the nuclear translocation of the p65 component of NF-κB, were decreased in the skin of INK4a/Arf -/-mice following UVB exposure as compared to wild-type mice. These levels were further decreased in the tumors from INK4a/ Arf -/-mice. We also found that p65 cytoplasmic levels decreased, while nuclear levels increased in the skin and tumor samples of INK4a/ Arf -/-mice skin and tumor samples after UVB exposure. The levels of cytoplasmic p65 were further decreased and that of nuclear p65 increased in the tumors from INK4a/Arf -/-mice ( Figure 6A-C) . Mice not exposed to UVB radiation were used as controls. C. The expression of arginase-1 mRNA was detected in the skin of mice (**P<.01) as determined by qPCR using GAPDH as the control. The histogram depicts the mean±SD of mRNA expression per group. Experiments were conducted in five mice in each group. Panels were normalized to the naïve WT control mice
| DISCUSSION
Following exposure to ultraviolet radiation, molecular and biochemical changes occur in keratinocytes, which may ultimately result in the appearance of basal cell and squamous cell carcinomas. While mutations in the Hedgehog signal transduction pathway and in p53 have received the greatest attention, [44] other mutations have been identified in UVirradiated skin, which may also contribute to the development of nonmelanoma skin cancers. [45] In the present study, we exposed INK4a/Arf -/-mice and found that they were more susceptible to the development of UV-induced non-melanoma skin cancers, indicating that INK4a/Arf protects against the pro-carcinogenic effects of UV radiation.
When skin is exposed to UV radiation, ROS are generated in excessive amounts that overwhelm the endogenous antioxidant capacity for neutralization of these damaging intermediates. Uncontrolled release of ROS is involved in many skin diseases including skin cancer. [46, 47] In our experiments, the predisposition to UV-induced skin tumors in INK4a/Arf -/-mice was associated with increased oxidative stress, which is consistent with the findings of others. [15] We observed that there was a significant increase in ROS in PBMC of INK4a/Arf -/-mice. Oxidative stress induces 8-oxo-dG lesions in DNA, [48] indicating that the inability to regulate the production of ROS resulted in an increased amount of DNA damage. 8-oxo-dG or the products derived from them can lead to errors in replication, ultimately contributing to the development of skin cancer. [49, 50] In INK4a hypermethylation in squamous cell carcinoma of the lung. [51] Pharmacological and genetic approaches have been used to show that prostaglandins, which are synthesized in response to COX-2 activation, have a number of tumor stimulatory properties. [25, 28, 52] For example, COX-2 knockout mice are significantly protected from tumor development induced by UV. [24] Moreover, non-steroidal antiinflammatory drugs (NSAIDs), especially selective COX-2 inhibitors, have been shown to prevent chemical and UV-induced tumor development in murine models. [23] In clinical trials, the COX-2 inhibitor celecoxib has been found to be an effective chemopreventive agent in people at risk for non-melanoma skin cancers. [53] In addition to its pro-inflammatory properties, prostaglandins facilitate photocarcinogenesis by stimulating angiogenesis, cell proliferation and epithelial mesenchymal transition. They have also been shown to be important for UV-induced immunosuppression. Thus, by limiting COX-2 expression and prostaglandin synthesis, INK4a/Arf is able to prevent UV-induced skin inflammation and cancer development by influencing many aspects of the photocarcinogenesis process.
Our results also showed that EP 2 and EP 4 levels were elevated in 4 contributes to tumor development. [54] It has been reported that UV radiation-induced inflammation, at least in part, results from the production of IL-6, IL-1β, TNF-α and other cytokines. [33] Our studies showed that the levels of IL-6, IL-1β and TNF-α were increased in serum as well as tumor samples of INK4a/Arf -/-mice upon UV exposure. One effect of these cytokines is the induction of CD11b + Gr1 + myeloid-derived suppressor cells (MDSCs), which are found in large numbers in inflammatory conditions. These cells accumulate in blood, spleen and tumors of tumor-bearing mice and suppress the host antitumor immune response. [36] Recent investigation has shown that PGE 2 also contributes to this process. [55] Our studies identified an increased number of MDSCs in the spleens of chronically UVB-irradiated mice, and their numbers were further in- NF-κB is a ubiquitous transcription factor involved in inflammatory signalling and tumor formation and is activated by stimuli that generate ROS. [43] We found that the cytoplasmic IκB levels were significantly decreased with a concomitant increase in nuclear NF-κB levels 
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